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Abstract – The connection between thunderstorms and relativistic runaway electron avalanches
is an important topic that has attracted the attention of many researchers. Among other things,
there are a lot of various simulations of the dynamics of electron avalanches. This article was
written mostly in response to the article ”The critical avalanche of runaway electrons” by Evgeny
Oreshkin et al, which shows rather large numbers for an estimate of the number of runaway
electrons, but it also contains the results of our own simulation and comparison with other papers.
Introduction. – The phenomenon of relativistic run-
away electron avalanche (RREA) development in an elec-
tric field is a generally accepted mechanism for enhance-
ment of low energy gamma (10 keV− 100MeV) and elec-
tron fluxes in the Earth’s atmosphere [1, 2]. This mech-
anism draws additional attention because it could shed
some light on the problem of generation of lightning dis-
charge which up to this point does not have a satisfactory
explanation. Moreover, a number of observed phenom-
ena (like Terrestrial Gamma-Ray Flashes (TGFs) [3] and
Thunderstorm Ground Enhancements (TGE) [2]) is be-
lieved to have an origin related to RREA. However, certain
conditions of the formation of avalanches and the dynam-
ics of its development remain unknown. Review of articles
presenting an analytical models of avalanche development
can be found in [3]. Numerical modeling of energetic par-
ticle propagation in the air leading to an avalanche gener-
ation is presented in another set of papers [4–6].
A recent paper [7] presents the results of the 3D Monte-
Carlo simulation of runaway avalanche development. The
paper is focused on the avalanche-to-streamer transition.
One of the main results of [7] is the estimation of the
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number of electrons in one avalanche: 1017 - 1018. The
value is significantly larger than values presented in other
simulations [8–10], which show about 106 fast electrons
and 1010 slow electrons per avalanche in normal conditions
(air pressure, gas composition, etc.). The difference could
be attributed to some non-standard approximations made
in the article.
We present the results of RREA simulation carried
out using a software designed by our group on the ba-
sis of GEANT4 libraries. The simulation results show the
doubtfulness of conclusions derived in [7], where the num-
ber of electrons in RREA is highly overestimated. In order
to illustrate a physical origin of limitation of the number
of particles, we provide a simple analytical upper bound
estimation.
Analytical estimation of the number of runaway
electrons. – A simple analytical estimation of the num-
ber of runaway electrons can be obtained on the basis of
the theory of runaway breakdown [8]. Let us consider
acceleration and avalanche multiplication of electrons in
uniform electric field. According to [8] number of runaway
electrons in the RREA grows exponentially with coordi-
nate z:
N(z) = N0 · e
z
la (1)
p-1
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where la — characteristic length of generation of runaway
electron, which can be estimated by the following formula:
la = a
2mc2
e
1
E
(2)
Here m — electron mass, c — speed of light, constant
a ≈ 11, E — electric field value. The proposed model
lead to an upper bound of la, because it does not take
into account radiative losses, which is significant for higher
electron energies (over 80 MeV). Alternatively, one can
use the empirical formula from Monte-Carlo simulation
performed by Dwyer [11]:
la =
7300 kV
E − 276 kVm ·
n
n0
, (3)
where E is the value of the electric field, n - air concentra-
tion and n0 - air concentration under normal conditions.
Using either of this formula, we can calculate the num-
ber of runaway electrons depending on the size of the re-
gion with field and the field strength according to Eq. 1.
Figure 1 shows the number of runaway electrons for dif-
ferent atmospheric conditions. For reasonable conditions
(region of vertical size 1200m with the electric field up
to 200 kV/m) the number of runaway electrons does not
exceed 1010.
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Fig. 1: The number of runaway electrons in a single avalanche
with respect to the avalanche length.
Simulation with GEANT4. – A more accurate
estimation of characteristic length of runaway electron
avalanche could be obtained using GEANT4 transport
code [12–14], a standard tool for Monte-Carlo simula-
tion in high energy physics (in this work we use ver-
sion 4.10.05). The particle propagation mechanism used
in GEANT4 is quite different from the one used in [7].
GEANT4 uses particle tracks describing trajectories each
particle and its descendants. The simulation in [7] uses
particle population evolution in time. The evolutionary
approach is useful for low-energy particle and plasma dy-
namics but usually is not used for precise simulation of
high energy particles. GEANT4 allows to track gamma-
rays and positrons as well as electrons, which is important
for electron energies above 10MeV. To investigate the
role of processes involving positrons and gammas, we con-
ducted three types of simulations:
1. Tracing electrons (and not considering any influence
from gamma and positrons);
2. Tracing electrons and gammas;
3. Electrons, gammas and positrons are taken into ac-
count.
All our simulations use a lower energy threshold for par-
ticle generation of 0.05MeV (particles born with lower en-
ergies are recorded, but do not propagate any further).
Depending on the energy range, GEANT4 provides sev-
eral models of physics processes, which are defined in
physics lists. We use physics list G4EmStandardPhysics
, which takes into account the following electrons interac-
tions:
• ionization loss,
• Coulomb scattering,
• multiple scattering,
• bremsstrahlung,
• gamma scattering and absorption,
• positron generation and annihilation.
It should be noted, that there is a physics list
G4EmStandardPhysics opt4. It contains the same phys-
ical processes but uses an advanced algorithm for track-
ing and requires much more processing time. Previous
research shows that the basic physics list gives a higher
estimate for the number of runaway electrons, so it could
be used for upper boundary estimation [15]. In the sim-
ulation, we use vertical cylinder cloud geometry. The ra-
dius of the cylinder, in this case, is defined to be much
larger than cylinder height so the horizontal dimension
is effectively infinite. The electric field is directed along
the cylinder axis. An example of avalanche simulation
without positrons is shown in Fig. 2. One of the main
reasons behind the simulation approach in [7] is to limit
otherwise very large simulation time and memory foot-
print. GEANT4 in general shares the same problem, but
allows us to set an upper limit by calculating only multi-
plication length in Gurevich model. For longer accelera-
tion volumes, the effective number of produced electrons
is smaller than for small ones possibly because higher en-
ergy electrons tend to lose energy by producing high en-
ergy bremsstrahlung photons rather than secondary elec-
trons. Photons also could produce electron avalanches,
but those avalanches are in general separated from the
main avalanche by hundreds of meters.
The simulation was carried out for following parameters
of the system:
p-2
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Fig. 2: Example of GEANT4 simulation without positrons: red
tracks — electrons, green tracks — gamma-rays.
• air density 0.4 kg/m3 (corresponds to atmospheric
pressure ∼ 0.25 atm or the height 10 km for normal
conditions);
• electric field — 200 kV/m (the maximum electric field
typically measured in thunderclouds [16]);
• acceleration cell height — 800m for simulation with-
out positrons and 700m for simulation with positrons
(as we will see in result this length is approximately
equal to 10 characteristic lengths and allows to accept
the estimation as consistent).
In each case, we inject 1000 initial electrons to the top
of the cylinder (all results are normalized by the number
of initial electrons). Results of simulation are shown in
Fig. 3. The introduction of gamma does not significantly
affect the results, so we do not present results with elec-
trons only and with electron and gamma separately.
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Fig. 3: Full number of runaway electron depending on the
length of runaway avalanche: blue line — simulation without
positrons, orange line — with positrons.
The simulation data was fitted by exponential function
from Eq. 1 with N0 = 1 and la as a free parameter.
The resulting value is la ≈ 85m without positrons, and
la ≈ 78m with positrons. For comparison, Eq. 3 (Dwyer’s
formula) predicts la ≈ 64m . Differences between our and
Dwyer’s result can be explained by the fact that Dwyer
conducted simulation for normal condition and extrapo-
lated results for another pressure. In addition, differences
in the configuration of the Monte-Carlo model can con-
tribute. Using received values for characteristic length,
we can estimate the full number of runaway electrons in
avalanches for different acceleration lengths. The results
are presented in Table 1. For reasonable acceleration cell
lengths 1200−1700meters it gives only 106−108 runaway
electrons, which is by many order less than 1017 - 1018
predicted by [7]. 1017 - 1018 runaway electrons could be
obtained only for cell lengths closer to 4000meters which
are not possible in real atmospheric conditions [16, p.69-
85]. It should be noted that we considered an avalanche
created by a single seed electron, while cosmic rays are
usually assumed to be a source of seed particles. But the
flux of electrons of the required energies lies in the range of
103− 104m−2s−1 [9,17–19]. And taking into account that
the movement of one avalanche through a cloud 1−1.5 km
length takes less than 10µs of the avalanche created by
these electrons is quite separated in time and space. So
that even if we take one single avalanche and a set of
avalanches created with cosmic rays, then we still will not
be able to achieve the value obtained by [7].
Number of runaway electrons
Length, m without positrons with positrons
si
m
u
la
ti
o
n 300 34.3 46
500 361 589
700 3802 7539
800 12350 —
ex
tr
a
p
o
la
ti
o
n 1200 1.4e+06 4.3e+06
1700 5.0e+08 2.5e+09
2000 1.7e+10 1.2e+11
4000 2.9e+20 1.3e+22
5000 3.7e+25 4.5e+27
Table 1: Estimation of the total number of runaway electrons
based on 700−800meter simulation. The first part of the table
is taken from the simulation, the second part is the extrapola-
tion of simulation data.
When discussing lightning breakdown, it is important
to compute not only number of breakdown electrons, but
also the total number of electrons and ions generated. This
number could be very roughly estimated from energy con-
servation law.
The number of ions produced by a single RREA can
be estimated using the following logic. Firstly, all of the
energy runaway electrons receive from the electric field is
spent on ionization, on the production of new runaway
electrons and on acceleration. Received energy in a seg-
ment [z, z + dz] is approximately N(z)eEdz. Here e is
p-3
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the electron electric charge, and all of the runaway elec-
trons are considered to move parallel to the z axis. Fur-
ther, the energy, spent on runaway electron production
is about dN(z)
dz
ε0dz, where ε0 is the mean kinetic energy
of a runaway electron for conditions under consideration.
Substitution of ε0 in this formula also takes into consid-
eration the acceleration of runaway electrons. According
to Babich [20], the mean electron energy of RREA can
be estimated as ε0 = e(E − Ec)la, where Ec is the crit-
ical electric field value. Consequently, in the frame of
Dwyer’s e-folding length, the mean energy is simply de-
rived as ε0 = 7.3MeV [11]. Finally, the number of ions
is calculated as the subtraction of received energy and en-
ergy wasted on runaway electron production, all divided
by ionization potential. Ionization potential is considered
to be 15 eV. Therefore, after integration the following es-
timation of the number of ions is derived:
Nions(z) =
eEla − ε0
I
(
e
z
la − 1
)
. (4)
For z = 1000m we get Nions ≈ 10
7.
Discussion. – Although the full Monte-Carlo simula-
tion could not be carried out for a cell with a vertical size
of more than 1000m, the avalanche evolution on a larger
scale could be characterized on the basis of extrapolation
of the modeling results, since no physical mechanism that
predicts a dramatic increase in the number of produced
electrons for larger cells. An increase in the cell length
leads to growth of the maximum electron energy in the
avalanche. But radiative losses prevent electrons from ac-
quiring energies significantly higher than 60MeV. Fig. 4
shows the number of secondary electrons depending on the
initial electron energy. It could be seen that there is no sig-
nificant yield change for initial energies above 5−10MeV.
Growth of radiative losses lead to increase of number sec-
ondary gamma-rays, which could produce secondary elec-
trons, but the following two circumstances should be kept
in mind:
• generation of runaway electrons by gammas can lead
to the increase of number of runaway electrons by
several times, not several orders of magnitude,
• high-energy gammas in air are characterised by mean
free path (MFP) comparable with characteristic cloud
size (MFP of 1MeV photons is about 380meters at
the altitude 10 km [21] and increases with raise of
photons energy), for this reason secondary electrons
are more likely generated by these gammas outside of
the region of localisation of the initial avalanche; and,
consequently, the question of whether secondary elec-
trons belong to the initial avalanche is controversial:
these electrons create only a subtle change of electron
density in the region of the initial avalanche.
Dwyer positron feedback mechanism [22] could, in the-
ory, produce a significant increase in the number of run-
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Fig. 4: The number of electrons escaping 100 m length volume
depending on the initial energy of the electron. Electric field
is 200 kV/m. The figure shows that the number of secondary
particles does not depend on initial particle energy for energy
over 10MeV
away electrons. Dwyer’s calculation independently veri-
fied in work [6], but the recent research shows that the
feedback value in this mechanism was rather overesti-
mated [15].
In any case, both in this article and in [7] we con-
sider only forward avalanche motion without any feedback
mechanisms. Still, our results show that it is not correct
to completely ignore the positrons, which are more sig-
nificant for a cell with a vertical size exceeding 1000m .
The increase in the region in which acceleration occurs
leads to an increase in the number of high-energy photons
for which the production of pairs makes the important
contribution to the cross-section for interaction with mat-
ter [14,23] (In air, cross-section of pair production exceeds
cross-section of other process for photons with energy over
26 MeV [21]).
The radial distribution of runaway electrons production
is demonstrated in Fig. 5. It could be seen that elec-
trons have a wide horizontal distribution. This fact fur-
ther reduces the credibility of claims that those avalanches
are the source of lightning breakdown since the produced
charge is distributed across rather a large region. The
horizontal spreading is significantly larger when positrons
are taken into account because in this case, photons could
transfer the secondary avalanches far from initial ones.
At the end of the discussion, we would like to note that
in paper [7] and in our works the field in the cloud was
considered to be uniform, whereas there is a debatable
question about the existence of areas in the cloud that
are not accessible for measurement and at the same time
contain large fields [9]. Influence of these areas depends
on runaway electron generation length in them and may
be subject to particular research.
Conclusions. – In this work, we calculated the num-
ber of runaway electrons in conditions expected in real
thunderclouds (size of the strong field region up to 1200m
p-4
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Fig. 5: The distribution of runaway electrons horizontal dis-
tance from initial electron creation point for avalanches with
length 700meters (electric field is 200 kV/m): orange — with-
out positrons, blue — with positrons.
and field strength up to 200 kV/m). The simulation itself
covers only cell lengths up to 800 m, but it is clear that
electron production could be extrapolated. The simula-
tions provide an upper bound for the number of runaway
electrons of about 106 runaway electrons or 1010 total ion-
ization per one seed electron for length about 1200meter,
which is in accordance with [8, 24] and contradicts to the
value presented in [7] (more than 1016 runaway electrons).
Especially since Oreshkins report considers only electrons,
and our results show that the introduction of gamma and
positron generation increases the yield of runaway elec-
trons. Still, even with those interactions, the resulting
numbers are by several orders lower than the ones shown
in [7]. Although the origin of the discrepancy could be
investigated further, it is clear that the non-relativistic
particle dynamics model could not be used to describe
the generation of enough ionization to produce a lightning
discharge.
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